The mechanical properties of GaN are examined by microcompression. The Young's modulus and compressive yield stress in microscale are directly measured to be ϳ226 and 10 GPa, comparable to the modulus ͑ϳ272 GPa͒ and hardness ͑15 GPa͒ measured by nanoindentation. The Raman spectrum measurements and transmission electron microscopy observations reveal that the residual stress in deposited film can be largely released in the form of micropillar. Upon microcompression, the strain energy is basically stored by dislocation and defect accumulation, with minimum residual stress regeneration. The small bending of the c-axis of the GaN micropillar upon compression would affect its optical performance.
The wurtzite GaN has become a potential material due to its strong chemical and mechanical stability and high band gap of 3.2-3.4 eV. Defectless epitaxy single crystal GaN can be used as the core material on the high power laser. One dimensional GaN nanowires might replace carbon nanotubes on the new-type flat field emission display technique for its lower electron affinity. 1 The unexpected contact loading during processing or packaging might induce residual stress and/or defect concentration of the GaN crystal or GaN thin film, causing possible degradation of the device performance. Thus, to improve the successful fabrication of devices, based on epitaxial GaN thin films, a better understanding of the mechanical characteristics is necessary and meaningful. 2 So far, there have been some limited reports addressing the macroscaled, microscaled, or nanoscaled mechanical responses of the bulk or thin film crystalline GaN by using macroscaled or nanoscaled indentation testing. But due to the difficulty in fabricating high quality bulk single crystal GaN, the direct uniaxial compression results are still seldom reported. In this study, we prepare 1 m micropillars from the GaN thin film by focus ion beam ͑FIB͒, and then conduct microcompression testing by using a flat-end Berkovich tip. Micro-Raman spectroscopy and transmission electron microscopy ͑TEM͒ are employed to monitor the variation of residual stress and defect concentration of the GaN thin film and micropillar under various conditions. The ͑0001͒ GaN thin films used in this research are grown on the ͑0001͒ sapphire substrates by the metal-organic chemical-vapor deposition method with an average film thickness of 4 m. The microcompression samples are prepared by using the dual FIB system, following the method developed by Uchic et al. 3 A Ga beam operated at 30 keV and 7-12 nA is initially directed perpendicular to the surface of the GaN thin film to mill a crater with a diameter of 35 m and depth of 600 nm. Then, the same voltage and smaller currents of 0.7-0.09 nA are used to refine to goal height and diameter of pillars ͑top inset in Fig. 1͒ in order to reduce Ga ion damage effect on the GaN pillar surface.
The micropillars prepared in this study are measured 1 m in diameter and around 2.5 m in pillar height, or an aspect ratio of about 2.5. Due to the FIB beam profile, there is a taper angle of the micropillar, typically around 2.8°. Ga damaged layers in the current FIB-milled 1 m micropillars from the perpendicular and side radiation are estimated to be ϳ25 and 3 nm, and considered to be negligible. The micropillars are loaded in uniaxial compression by using the flatpunch Berkovich tip in a commercially available nanoindentation system ͑MTS Nano indenter XP͒ with the continuous stiffness measurement ͑CSM͒ function. The tests are run under the constant displacement rate mode at strain rates from 10 −2 to 10 −4 s −1 . For tracing the mechanical response of the pillar at different straining stages, the preset stop displacement was set to be 100, 150, and 200 nm, representing the mostly elastic, starting plastic, and fully plastic conditions. The Young's modulus and hardness of the tapered micropillars are corrected by the method described previously. [4] [5] [6] Nanoindentation was also preformed on the same GaN film by using the Berkovich tip under the CSM constant displacement rate mode at a strain rate of 10 −3 s −1 , from which the elastic modulus and hardness at the steady region within 400-600 nm in depth can be extracted for comparison.
Micro-Raman was conducted by a mode-built confocal microspectroscopic system. The micro-Raman spectra are then fitted by Gaussian distribution curve. The E 2 peak shifting can be indexed for characterizing the residual stress, and the full width at half maximum ͑FWHM͒ of the E 2 peak can be used to indicate the crystal quality and defect concentration. 7 The microstructure of the GaN epitaxial layer is examined by using the Tecnai F20G2 field emission gun TEM operated at 200 kV. The high quality TEM foil samples are coated with carbon layer as a supporter, and then milled to foil thickness less than 100 nm by FIB.
Before microcompression, the basic properties of the asdeposited GaN film are measured by nanoindentation. The modulus and hardness are measured to be ϳ272 GPa and 15 GPa, respectively. Figure 1 depicts the load-displacement and transformed engineering stress-strain curves of the compressed 1 m micropillars at a strain rate of 10 −3 s −1 . The initial part of the stress-strain curve appears to be bended, or not fully elastic. This is a typical result from the uneven pillar top surface and pillar taper effect by the FIB milling. After deformation over 100 nm displacement, the micropillar would deform in its normal elastic behavior. There is an apparent strain burst occurring at 7.4Ϯ 1 mN in load. By using previous results, [4] [5] [6] when the taper angle is small and sin ϳ , the extracted elastic modulus E of 1 m micropillars is ϳ226Ϯ 17 GPa. And the engineering yield stress for the first strain burst is calculated to be ϳ10Ϯ 1 GPa. Parallel compression tests were also conducted at 10 −2 and 10 −4 s −1 , there seems no significant influence from the strain rate over this range.
The micropillar yield stress can be compared with the maximum shear stress ͑ max ͒ extracted from nanoindentation testing. 8, 9 The maximum shear stress can be estimated by
where P crit is the first pop-in load in nanoindentation, R is the tip radius, E s is the actual modulus of the GaN material and it can be estimated from
where E R is the measured modulus by nanoindentation including machine and indenter effect ͑272 GPa for GaN nanoindentation͒, E in ͑1141 GPa͒ is the diamond tip modulus, v in ͑0.07͒ and v s ͑0.352͒ is the Poisson ratio for diamond indenter tip and GaN, respectively. The pop-in load in this study is P crit = 1.2Ϯ 0.3 mN, corresponding to max ϳ 6 GPa. This maximum shear stress can be transferred to a normal yield stress ϳ12 GPa, which seems to be larger ͑by ϳ20%͒ than the 10 GPa recorded by the 1 m micropillars. This is acceptable since nanoindentation usually yield higher modulus and stress then microscale or bulk specimens due to the small volume constraint effect. 10 Thus, the crystalline GaN appears to exhibit a yield stress in the neighborhood of 10 GPa in the microscale, and a even higher yield stress around 12 GPa in the nanoscale. There seems to be a pronounced size effect for GaN yield stress.
Raman spectroscopy can be one of tools to confirm if there is any significant residual stress before and after the first strain burst effect. There are three characteristic peaks giving the information of the lattice and optic relationship, 11 namely, E 2 , A 1 ͑LO͒, and E 1 ͑LO͒. The E 2 peak can be seen as a standard peak which is not sensitive to the incident optic axis. A 1 ͑LO͒ and E 1 ͑LO͒ represent two longitudinal optic ͑LO͒ phonon modes vibrating along the ͓0001͔ direction, and are forbidden while optical beam propagating perpendicular to the c-plane.
According to the calculation of Puech et al., 12 the E 2 frequency would exhibit a blue shift of 2.43 cm −1 / GPa under hydrostatic stress. Figure 2 shows the representative Raman spectra for the as-deposited thin film, as-FIB-milled micropillars ͑not yet compressed͒, and micropillars compressed at 10 −3 s −1 to 100 and 200 nm preset displacement ͑before and after the first strain burst͒.
In comparison with the Raman E 2 peak center positions for the free standing ͑567.0 cm −1 ͒ and as-deposited GaN ͑570.6 cm −1 ͒ in Table I , the 3.6 cm −1 blue shift indicates the compressive residual stress of 1508 MPa retained within the sputtered GaN thin film, using the results by Puech et al. 12 After FIB milling into a GaN micropillar, from Fig. 2 and Table I, the Raman E 2 peak center position shifts back to 567.7 cm −1 , closer to the free standing GaN, reflecting that most compressive residual stress has been released and the retained residual stress drops down to less than 300 MPa. nm preset displacement, the final E 2 peak center position becomes 567.5 and 567.0 cm −1 , essentially very similar to that of the free standing GaN or nil residual stress. Note that the microcompression to 100 and 200 nm preset displacement does not seem to induce further residual stress. Instead, as presented below, the GaN micropillar stores the plastic energy by generating profuse defects.
The E 2 peak line width ͑or FWHM͒ is a reflection of the crystal structure and defect concentration. The narrow FWHM indicates the perfect crystal quality and the broadening of FWHM reveals the accumulated of crystal defects. Table I summarizes the measured FWHM values for various specimens. For the as-deposited GaN film and the as-FIB pillar, FWHM values are in the low range around 2.0 to 2.5 cm −1 , reflecting the low defect contents at these stages. As the micropillars are deformed mostly elastically or fully plastically, FWHM values increase significantly to 5.7 and 6.2 cm −1 . It means that, under compression testing, although the micropillars could release most of the residual stress from their surfaces, it still accumulate enormous defect concentrations. The increased defect amount is consistent with the TEM observations, shown in Fig. 3 .
In addition to the E 2 peak, information can be extracted from the A 1 ͑LO͒ and E 1 ͑LO͒ peaks. It can be seen from Fig.  2 that the as-deposited GaN film contains separate A 1 ͑LO͒ ͑727 cm −1 ͒ and E 1 ͑LO͒ ͑735 cm −1 ͒ peaks, while the deformed pillars exhibit merged single peak at 732 cm −1 , termed as the quasi-longitudinal optic phonon ͑QLO͒ peak. This is usually related to the distortion of the c-axis of the GaN lattice, as seen by TEM.
TEM characterization has been done on the as-deposited thin film and the compressed micropillar. In the as-deposited GaN film, there is minimum defect with clean image. As shown in Fig. 3 , the longitudinal section of the compressed GaN micropillar reveals massive dislocation slip traces on the pyramidal planes ͕1011͖, oriented at an acute angle of ϳ62°to the basal plane ͑0001͒, consistent with previous finding. 2 The selected area diffraction pattern in Fig. 3 shows there is a small bending angle ͑a few degrees͒ inside the pillars ͑especially for the top portion͒ after microcompression. The local bending of the GaN lattice lead to the appearance of the QLO peak at 732 cm −1 , as a result of the small distortion of incident optic axis of backward scattering and in-turn the combination of A 1 ͑LO͒ and E 1 ͑LO͒ peaks. It also leads to the appearance of E 1 ͑TO͒ ͑at 561 cm −1 where TO stands for the transverse optic mode͒ peak, which should be forbidden according to the selection rule from group theory.
11 Finally, throughout the Raman and TEM characterizations, there is no evidence of recrystallization, cracking, or phase transformation in the compressed GaN micropillars.
In summary, this study presents the first data on the micro-scaled compressive elastic modulus ͑226Ϯ 17 GPa͒ and microscaled compressive yield stress of the ͑0001͒ GaN micropillars ͑10Ϯ 1 GPa͒. These values can be compared with the modulus ͑ϳ272 GPa͒ and hardness ͑15 GPa͒ measured by nanoindentation. The Raman spectrum measurements and TEM observations reveal that the residual stress induced in the sputtered GaN film can be largely released upon FIB-milling into 1 m micropillar. Upon microcompression, the strain energy is basically stored by dislocation and defect accumulation, with minimum residual stress regeneration. With increasing compressive plastic strain, the Raman E 2 FWHM keeps increasing from 2.5 to 6.2 cm −1 , consistent with the increasing defect concentration seen in longitudinal TEM micropillar samples. The small bending of the c-axis of the GaN micropillar upon compression loading would also affect its optical performance via the merge of the A 1 ͑LO͒ and E 1 ͑LO͒ peaks into a single QLO peak. FIG. 3 . TEM characterization of the GaN micropillar compressed to a preset displacement of 200 nm: ͑a͒ bright field image from the longitudinal section, ͑b͒ selected area diffraction pattern for the upper region, and ͑c͒ selected area diffraction pattern for the lower region of the compressed pillar.
